The vitamin D receptor is critical in mineral homeostasis and has been implicated in a range of human disorders and diseases, such as osteoporosis 1 , obesity 2 , autoimmune disease 3 and cancer 4, 5 . VDR is a ligand-dependent transcription factor and a member of the nuclear receptor superfamily, and as such it is composed of four major functional domains. The highly variable N-terminal A/B domain is known to be important for nuclear receptor transactivation, but its structural elements are poorly defined. Adjacent to the A/B domain is the highly conserved zinc finger-containing DBD (C domain). The hinge domain (D domain) provides the link between the DBD and the ligand-binding domain (LBD) (E domain). The LBDs of the nuclear receptors are multifunctional and have a secondary domain structure that is characteristic of all nuclear receptors. The LBD facilitates ligand binding, nuclear localization, dimerization and interaction with coactivator and co-repressor proteins. Nuclear receptors can function as monomers, homodimers or heterodimers, in complex with RXR. VDR functions as an obligate heterodimer with RXR and recognizes specific DNA elements known as vitamin D response elements (VDREs). The activated RXR-VDR heterodimer recruits co-regulator complexes in proximity to DNA in order to remodel chromatin and alter gene transcription in a ligand-dependent manner 6 .
a r t i c l e s
The vitamin D receptor is critical in mineral homeostasis and has been implicated in a range of human disorders and diseases, such as osteoporosis 1 , obesity 2 , autoimmune disease 3 and cancer 4, 5 . VDR is a ligand-dependent transcription factor and a member of the nuclear receptor superfamily, and as such it is composed of four major functional domains. The highly variable N-terminal A/B domain is known to be important for nuclear receptor transactivation, but its structural elements are poorly defined. Adjacent to the A/B domain is the highly conserved zinc finger-containing DBD (C domain). The hinge domain (D domain) provides the link between the DBD and the ligand-binding domain (LBD) (E domain). The LBDs of the nuclear receptors are multifunctional and have a secondary domain structure that is characteristic of all nuclear receptors. The LBD facilitates ligand binding, nuclear localization, dimerization and interaction with coactivator and co-repressor proteins. Nuclear receptors can function as monomers, homodimers or heterodimers, in complex with RXR. VDR functions as an obligate heterodimer with RXR and recognizes specific DNA elements known as vitamin D response elements (VDREs). The activated RXR-VDR heterodimer recruits co-regulator complexes in proximity to DNA in order to remodel chromatin and alter gene transcription in a ligand-dependent manner 6 .
Our functional understanding of nuclear receptors has relied greatly on structural studies, involving either the LBD or DBD fragment alone. However, there is little structural information about full-length nuclear receptors, and to date, only a single crystal structure of a nearly intact nuclear receptor (PPARγ-RXRα) co-interacting with DNA has been solved 7 . There is thus a paucity of structural information regarding how the domains of nuclear receptors communicate with one another, either intramolecularly or intermolecularly, within a functional dimer. To address these issues, we used hydrogendeuterium exchange (HDX) to investigate the influence of ligand, DNA and coactivator on receptor dynamics, in an effort to understand the molecular mechanism of activation of the VDR-RXR complex. Hydrogen-deuterium exchange, particularly when coupled with mass spectrometry, has emerged as a rapid and sensitive approach for characterization of protein dynamics and protein-ligand interactions [8] [9] [10] . Our laboratory and others have successfully applied HDX to the mechanistic analysis of nuclear receptor activation 9, [11] [12] [13] [14] [15] [16] [17] . We have described a new mechanism for ligand-activation of peroxisome proliferator-activated receptor gamma (PPARγ), in which different binding modes were detected between full and partial agonists, and determined that partial agonists activate the receptor in a helix 12 (H12)-independent fashion, relying on stabilization of other regions of the ligand-binding pocket (LBP) 11 . This work has led to new insights into an alternative mechanism correlating the action of antidiabetic drugs with the modulation of genes dysregulated in obesity 18 . We have also applied HDX to classify various selective estrogen receptor α modulators (SERMs) by their HDX signatures, and it was determined that these signatures correlated with the pharmacological profiles of the ligands in both preclinical and clinical settings 16 . Although these studies were conducted with isolated LBDs of the specific nuclear receptor, there are several examples of a strong correlation between the HDX profiles of the LBD and full-length forms of the same nuclear receptors bound to specific ligands-for example, in an HDX analysis a r t i c l e s of the intact PPARγ-RXRα heterodimer along with the crystal structure of the complex 7 . The HDX profile of PPARγ in the intact complex is in good agreement with that previously published for the isolated LBD. Moreover, we have compared HDX profiles obtained with ligands in complex with both the human VDR LBD and the full-length RXRα-VDR heterodimer and found that the perturbation in receptor conformation induced by ligand binding to the isolated LBD is well maintained in the full-length heterodimer, with deviation observed only within the RXRα-VDR dimer interface 19 .
Here, we investigated the dynamics of the human RXRα-VDR heterodimer upon interaction with the VDR agonist 1,25-dihydroxyvitamin D3 (1,25D3) and RXRα agonist 9-cis-retinoic acid (9-cis-RA), along with DNA, and the receptor-interacting domain (RID) of human steroid receptor-coactivator 1 (SRC1). These studies provide, for the first time, a detailed map of the locally and globally cooperative influence of both ligands and DNA on the coactivator-binding surface of a nuclear receptor complex, and they convey the essential nature of long-range allosteric interactions between domains within a nuclear receptor heterodimer. When combined, the studies presented here confirm the orientation of the heterodimer on DNA and provide insight into the permissive nature of the RXRα-VDR heterodimer.
RESULTS
We used differential HDX to investigate the conformational dynamics of the VDR-RXRα heterodimer upon binding to cognate ligands, DNA and coactivator. A schematic of all experiments is shown in Supplementary  Table 1a . We measured affinities independently to confirm that complexes used under HDX conditions would be well formed. In the absence of a crystal structure of the RXRα-VDR heterodimer, we produced models of the RXRα-VDR LBD and RXRα-VDR DBD heterodimers separately, by docking the VDR LBD into the PPARγ-RXRα crystal structure 7 , using superimposition with Coot 20 and minimization with Chimera 21 . We remodeled the structure of the DBDs on the VDRE direct repeat with three intervening nucleotides (DR3), using the structure of the RXR-VDR DBDs on the VDRE DR3 (ref. 22 ).
The RXRa-VDR heterodimer interface
We investigated changes in conformational dynamics or stabilization that occur within VDR and RXRα upon heterodimerization. First, we compared each of the HDX profiles of VDR and RXRα alone to the HDX profile of the RXRα-VDR heterodimer (Fig. 1) . Although the apo VDR was relatively unstable, addition of RXRα produced a stable heterodimer, as expected 19 . Because of the poor stability of full-length VDR alone, we conducted HDX on the isolated LBD of VDR in the absence and presence of RXRα to facilitate analysis of the dimer interface from the VDR perspective. The addition of RXRα to the VDR LBD induced a statistically significant (P <0.01) increase in protection from solvent exchange in the region of residues 317-325 (helix H7) of the VDR subunit versus the VDR LBD alone (Fig. 1a and Supplementary   Table 1b, column (i-1) ), indicating increased stability (less conformationally dynamic activity) in this region. Moreover, the addition of VDR to RXRα induced significant protection from solvent exchange in the regions 347-353 (H7) and 419-432 (H10-H11) of the RXRα subunit, compared to RXRα alone ( Fig. 1b and Supplementary Table 1c , column (i-2)). Consistent with the HDX profiles, we observed high affinity interaction between the two subunits of the heterodimer (Supplementary Fig. 1a) . The HDX data indicate that the dimerization interface between VDR and RXRα involves, at a minimum, residues 317-325 of the VDR and residues 347-353 and 419-432 of RXRα. This suggests that the arrangement of the LBDs within the RXRα-VDR heterodimer closely resembles that of RXRα-PPAR 23 and RXRα-RAR 24 , in which the dimer interface consists of helices H7, H9, H10 and H11 and loops L8-L9 and L9-L10.
Impact of 1,25D3 on RXRa-VDR
We next examined the impact of ligand binding (1,25D3) on the conformational dynamics and stability of the RXRα-VDR heterodimer (Fig. 2a) . We used saturating conditions for ligand addition, owing to the high affinity of 1,25D3 for the heterodimer (K d ~ 0.42 nM, determined using a thermal stability binding assay; Supplementary  Fig. 1c ). The addition of 1,25D3 to the heterodimer resulted in a large magnitude change within the VDR LBD ( Fig. 2a and Supplementary Table 1b, column (ii)), yet ligand binding did not impact the binding efficiency of RXRα to VDR (Supplementary Fig. 1a) . The perturbations in the HDX profile of the VDR subunit upon 1,25D3 binding were similar to those observed upon 1,25D3 binding to the VDR LBD alone 19 . There was a strong correlation between the regions of VDR that were protected from solvent exchange upon binding 1,25D3 and the regions of VDR known to directly interact with ligand 25 . The 1,25D3-VDR cocrystal structure shows that H12 (residues 412-419), a region of the receptor critical for coactivator binding and activation, made direct van der Waals contacts with the ligand and underwent several intermolecular interactions with neighboring residues that directly interact with the 1,25D3. Consistent with the structure, ligand binding afforded robust reduction in HDX within H12. Moreover, resi- Table 1c , column (i-2)) mapped onto a RXR-VDR heterodimer docking model. The uniform color legends indicating the differential HDX between the two states are referred to throughout the entire manuscript and they are shown in Supplementary Table 1. Gray, no change in HDX between compared conditions; green to blue, slower rates of HDX between compared conditions; white, areas not covered in the analysis. a r t i c l e s significant perturbation in HDX, which can be attributed to the formation of hydrogen bonds between hydroxyl groups of 1,25D3 and interacting residues within the LBP 19 . Despite being remote from the LBP, ligand binding increased solvent exchange in the DBD of VDR, suggesting that ligand binding can directly impact the conformation of the DBD and potentially modulate its function.
To elucidate the mechanism driving the allosteric communication between co-receptors, we investigated the change in dynamics of RXRα upon binding of 1,25D3 to the heterodimer. The HDX profile of RXRα was largely unaffected by 1,25D3 binding with the exception of three regions. A massive reduction in HDX was observed for residues 347-362 (H7) and 419-425 (H10), regions within the heterodimer interface ( Fig. 2a and Supplementary Table 1c , column (ii)), suggesting that 1,25D3 binding favors co-receptor interaction to stabilize the heterodimer 26 . The third region, residues 271-279 (H3) of RXRα, is remote of the heterodimer interface and showed reduced HDX, suggesting a 1,25D3-dependent allosteric communication between co-receptors.
Impact of 9-cis-retinoic acid on RXRa-VDR
Ligand binding to RXR has been implicated in allosteric regulation of several RXR co-receptors 27, 28 . We therefore investigated the impact of 9-cis-RA binding on the conformational dynamics of the RXRα-VDR heterodimer (Fig. 2b) . Binding of 9-cis-RA afforded decreased HDX in the RXRα subunit (Supplementary Table 1c , column (iii)), similar to that observed for binding to the RXRα LBD alone 13 and to intact receptor alone (data not shown). The HDX profile correlates well with the cocrystal structure of the 9-cis-RA-RXRα (ref. 29) . Three regions of RXRα showed protection from HDX upon 9-cis-RA binding: 249-279 (H3), 309-362 (H5-H7, including the β turn) and 429-438 (H10). These regions are contained within the LBP and involved in direct interaction with the ligand. The 9-cis-RA-RXRα structure shows that although the ligand does not make direct contacts with H12 or the H11-H12 loop, H12 is repositioned by the ligand, suggesting it is stabilized indirectly by several hydrophobic interactions 29 . Contrary to the crystal structure, we observe increased HDX in H12. This observation is similar to those obtained by HDX studies on estrogen receptor α (ERα), in which estradiol (E2) binding did not impact HDX within H12, yet the co-crystal structure of E2-ERα showed a similar ligand-dependent repositioning of H12 in the absence of direct contact between H12 and ligand 16, 30 . In contrast to the effects of 1,25D3 on the VDR DBD, no statistically significant (P < 0.001) changes in HDX were observed in the RXRα DBD upon binding 9-cis-RA.
As anticipated, allosteric modulation of the co-receptor was observed upon 9-cis-RA binding to heterodimer ( Fig. 2b and Supplementary Table 1b, column (iii)). Regions containing residues 309-329 (H7) of the VDR dimer interface showed reduced HDX consistent with enhanced interaction between the co-receptors upon ligand binding. In addition, robust decreases in HDX were observed around residues 234-244 (H3) and 273-279 (H5) of VDR, which are remote from the dimer interface. An interaction between these two regions has been shown to produce a gain of function in some nuclear receptors 31 . Unexpectedly, although 9-cis-RA binding did not perturb HDX within the RXRα DBD, it did induce a subtle but statistically significant increase in HDX within the VDR DBD.
Having identified components within the co-receptors that are altered upon dimerization and ligand binding, we examined the impact of VDR ligand binding to the heterodimer already bound by RXR ligand and vice versa. The HDX profile of 1,25D3 binding in the presence of 9-cis-RA ( Fig. 2c and Supplementary Table 1b , column (iv)) was similar to that observed for the binding of 1,25D3 alone ( Fig. 2a and Supplementary Table 1b, column (ii)), with only the magnitude of protection from exchange being attenuated in some regions . Those regions with attenuated protection are identical to those perturbed Supplementary Table 1b,c) . Gray, no change in HDX between compared conditions; light to dark blue, slower rates of HDX between compared conditions; yellow to orange, faster rates of HDX between compared conditions; purple, 9-cis-RA; cyan, 1,25D3 ligand. a r t i c l e s upon binding 9-cis-RA alone and thus this attenuation comes from the allosteric effects of 9-cis-RA binding. Perturbation in HDX within RXRα that was induced by 1,25D3 binding was blunted by the presence of 9-cis-RA ( Fig. 2c and Supplementary Table 1c , column (iv)). Similarly, the presence of 1,25D3 blunts perturbation in HDX in VDR induced by 9-cis-RA binding ( Fig. 2d and Supplementary Table 1b , column (v)). Both 1,25D3 and 9-cis-RA induced HDX perturbation in the DBD of VDR, and this perturbation was not affected by the presence of the other ligand (Fig. 2, Supplementary Table 1b , columns (ii) and (iv); Supplementary Table 1b, columns (iii) and (v)). Binding of either ligand to the heterodimer thus appears to destabilize the DBD of VDR, and this effect is independent of the order of addition of ligand.
DNA binding modulates activation function 2 in RXRa-VDR
Heterodimeric RXRα-VDR must bind to the specific nucleotide sequences known as vitamin D response elements in genomic DNA to activate VDR target genes. We conducted HDX studies to investigate the influence of DNA binding on the conformational dynamics of the heterodimer in the presence or absence of ligands (Fig. 3) . In these studies, we used VDRE containing two copies of the consensus half-site 5′-AGGTCA-3′, separated by three base pairs, forming a DR3 element. We determined that this element, VDRE DR3, had high binding affinity to the heterodimer complex (K d = 0.76 nM, Supplementary Fig. 1c) , and under HDX analysis conditions, the concentration of DNA was saturating. DNA binding to apo heterodimer perturbed HDX in regions of both co-receptors that directly interact with DNA ( Fig. 3a; columns (vi) in Supplementary  Table 1b,c) . Stronger protection from solvent exchange was observed in the VDR DBD upon DNA binding, as compared to the RXRα DBD (Supplementary Fig. 2a) Fig. 2b ). These regions were not expected to engage DNA but to be at the interface of the two DBDs if the RXRα DBD resides upstream of the VDR DBD. This polarity is in agreement with biochemical studies 32 and the proposed structure of RXRα-VDR DBDs on VDRE DR3 (ref. 22 ). The recognition helix of both DBDs showed decreased HDX (Supplementary Fig. 2c ), confirming that this conserved helix is inserted into the major groove in registration with the 5′-AGGTCA-3′ half site. Furthermore, the VDR hinge (CTE portion, residues 93-108) was also highly protected from HDX upon DNA binding (Supplementary Fig. 2d) , suggesting perhaps that the hinge makes extensive interactions with DNA similar to those observed within the PPARγ−RXRα (ref. 7) and Rev-Erb structures 33 where PPARγ and Rev-Erb have their CTEs deeply embedded into the minor groove. However, other interpretations are possible to explain the stabilization of the CTE region, such as intra-and intermolecular interactions between the co-receptors. Unexpectedly, DNA binding impacted the HDX profile of the LBD portions of both co-receptors (Supplementary Fig. 3a ; columns (vi) in Supplementary Table 1b,c) . VDR residues 309-333 and 366-383 (H7-H8 and H9-H10) and RXRα residues 354-367 and 419-432 (H7 and H10) were stabilized upon DNA binding. These regions are within or directly adjacent to the dimerization interface of the co-receptors, suggesting that DNA binding modulates both DBD-DBD and LBD-LBD interactions.
The addition of 1,25D3 did not alter the HDX profile of RXRα bound to DNA (Fig. 3b, Supplementary Fig. 3b and Supplementary  Table 1c , column (vii)), suggesting that although ligand binding stabilizes heterodimer formation, the enhanced interaction between co-receptors observed upon DNA binding is ligand independent. a r t i c l e s DNA binding did not further reduce HDX on the VDR side of the heterodimer interface, H7-H8 (Fig. 3b, Supplementary Fig. 3b and Supplementary Table 1b, column (vii)), as HDX in this region was dramatically slowed upon 1,25D3 binding, making further reduction in HDX impossible to detect within the experimental time scale (Fig. 2a and Supplementary Table 1b , column (ii)) 19 . Although the addition of 1,25D3 had minimal impact on the binding efficiency of heterodimer to VDRE DR3 (Supplementary Fig. 1b) , the magnitude of protection from HDX within the DBD of VDR after DNA binding was greater in the presence of 1,25D3, which is consistent with our earlier observation that the 1,25D3-bound VDR DBD is more destabilized than the apo VDR DBD. Perhaps most unexpectedly, H12 of VDR, which is remote from the DNA binding site and the heterodimer interface, was destabilized, suggesting that DNA binding directly influences the activation function 2 (AF-2) conformation of VDR. Addition of 9-cis-RA to heterodimer in the presence of 1,25D3 did not further perturb the HDX profile of either DNA bound DBDs or the LBD of VDR (Fig. 3c, Supplementary Fig. 3c , columns (viii) in Supplementary Table 1b,c), but did have a subtle impact on the HDX profile of the LBD of RXRα (the difference between columns (vii) and (viii) in Supplementary Table 1c) in two regions-H3 (residues 271-279) and the loop between H10 and H11 (residues 428-438)-showing decreased stability upon addition of 9-cis-RA (Fig. 3c, Supplementary Fig. 3c and Supplementary  Table 1c , column (viii)). It has been proposed that the coactivatorbinding surface on nuclear receptors is a cleft (the AF-2 surface) formed by H3, H3′ and H4 at the top and by the AF-2 helix H12 at the bottom 23 . These results demonstrate that DNA binding alters the conformational dynamics and stability of AF-2 of both co-receptors, an observation that suggests DNA binding can directly influence coactivator recognition and binding. Having observed VDRE DR3-induced perturbation of HDX in a number of important functional regions of the heterodimer, we repeated the experiment using a native VDRE, CYP24A1 VDRE, which contains only one 5′-AGGTCA-3′ consensus half-site (Fig. 3d) . CYP24A1 VDRE, like VDRE DR3, stabilized the VDR DBD while destabilizing part of AF-2 ( Fig. 3d and Supplementary Table 1b , column (ix)). The most striking difference between HDX profiles induced by these two different VDREs was observed in the hinge of VDR (residues 93-108). Previous biochemical studies have implicated this region in DNA recognition 34 , where the specific sequence of DNA modulates the flexibility of the hinge and, in turn, assists DNA interaction. The magnitude of perturbation to HDX upon binding to CYP24A1 VDRE was large on the VDR DBD, yet minimal on the RXRα DBD, suggesting that the 5′-AGGTCA-3′ half-site was occupied by VDR. Reduced stability of the heterodimer when bound to CYP24A1 VDRE versus VDRE DR3 was reflected in reduced protection from HDX in the RXR DBD (residues 130-197) and dimer interface (H7, residues 354-367 and H10, residues 419-432) (Fig. 3d and Supplementary Table 1c , column (ix)). Furthermore, AF-2 of RXRα showed no perturbation in HDX when bound to CYP24A1 VDRE, compared to VDRE DR3 binding. It is important to note that the heterodimer interacts with both CYP24A1 VDRE and VDRE DR3 with similar efficacy ( Supplementary  Fig. 1b,c) , demonstrating that the differential HDX induced by these two response elements is related to the difference in nucleotide sequence and not affinity, and thus suggesting that the specific sequence of the response element drives the alterations in conformational dynamics of the co-receptors.
Ligand and DNA modulate coactivator interaction
Ligand binding alters the conformational landscape of nuclear receptors, thereby creating a binding surface to facilitate interaction with co-regulatory proteins 35 such as SRC1. SRC1 interacts with nuclear receptors through an interaction domain that contains three conserved helical nuclear receptor box motifs of the consensus 5′-LXXLL-3′ sequence 36 . The nature of the recognition of nuclear receptor boxes 9-cis-RA only 9-cis-RA only + SRC1 RID a r t i c l e s by nuclear receptors has been examined in crystal structures in which a lysine residue in H3-H4 and a glutamate residue in H12 define a 'charge clamp' that allows the orientation and placement of the nuclear receptor box into the coactivator binding AF-2 surface 37 . We used differential HDX to examine the ligand dependency of the SRC1 interaction with the heterodimer (Fig. 4) . Unlike in many previous studies, here we used a large fragment of SRC1 receptor interaction domain (SRC1 RID), containing three nuclear receptor boxes. SRC1 interaction with the heterodimer bound to both 1,25D3 and 9-cis-RA protected VDR residues 411-419 (H12), RXRα residues 271-279 (H3) and 433-451 (H10-H12) from HDX (Fig. 4a, columns (x) in Supplementary Table 1b,c) . The strongly reduced HDX of VDR H12 due to the interaction with SRC1 RID (Supplementary Fig. 4a ) correlates well with many biochemical and crystallographic studies that demonstrate the contribution of H12 to coactivator binding 38 . Unlike with H12, we observed no significant (P < 0.01) protection from HDX in H3-H4 of VDR, which contains the other side of the charge clamp. This can be explained by the large stabilization of H3 already induced by 1,25D3 binding (Supplementary Table 1b , column (ii)) 19 , making it unlikely that we would detect a further reduction in HDX. The coactivator binding surface of RXRα can also be inferred from the HDX data, and it is similar to that observed in the PPAR-RXRα (ref. 23 ) and RAR-RXRα heterodimers 24 . As indicated in these structures, the loop between H10 and H11 (residues 428-438) does not directly interact with the coactivator, although this region is important in the formation of the hydrophobic groove facilitating coactivator binding. HDX analysis revealed that this region is protected from solvent exchange (Supplementary Fig. 4b ), demonstrating its involvement in coactivator interaction. In addition to the charge clamp, it has been observed that coactivator binding drives a concerted reorientation of the side chains of Phe437, Phe277 (H3) and Phe450 (H12) to form an 'aromatic clamp' , bringing these residues in close contact with the nuclear receptor box 39 . In addition, Phe437 and Phe438, which are on the edge of the AF-2 surface, are required for the transcriptional activity of RXRα (ref. 40) . Either 1,25D3 or 9-cis-RA could drive coactivator interaction with its cognate co-receptor (Fig. 4b,c columns (xi) and (xii) in Supplementary Table 1b,c) , and as expected, we observed no interaction in the absence of both ligands (Fig. 4d, columns (xiii) in Supplementary Table 1b,c) . These results suggest that each coreceptor can interact with SRC1 RID independently ( Supplementary  Fig. 4 ). For this to be possible, each co-receptor must interact with a unique nuclear receptor box on one SRC1 molecule (1:1 SRC1: heterodimer), or each co-receptor must bind a unique SRC1 molecule (2:1 SRC1:heterodimer). The presence of HDX would support a model that includes synergistic binding of one molecule of SRC1 spanning both co-receptors (1:1 SRC1:heterodimer), as the protection from HDX induced by SRC1 RID interaction with heterodimer when bound to either ligand alone was robustly enhanced in the presence of both ligands (Fig. 4e,f) . To provide additional evidence for this model, we did cell-based functional assays to examine the additive effects of 1,25D3 and 9-cis-RA on heterodimer activation. We created mutations of SRC1 RID in each of the three nuclear receptor boxes (5′-LXXAA-3′) individually, as it is known that these specific nuclear receptor box mutations abrogate coactivator-receptor interaction. We co-transfected HEK293T cells with wild-type (WT) VDR, RXRα, VDRE DR3-luciferase reporter, and either WT SRC1 or mutant nuclear receptor box 1, 2 or 3 SRC1, and treated them with ligands. Only the nuclear receptor box 3 mutant reduced activity of the heterodimer in the presence of 1,25D3, whereas only the nuclear receptor box 1 mutant reduced activity of the heterodimer in the presence of 9-cis-RA, and either nuclear receptor box 1 or box 3 mutants reduced receptor activity in the presence of both ligands ( Supplementary  Fig. 5 ). These data support the idea that the cognate ligand of each coreceptor drives interaction with a distinct nuclear receptor box within SRC1. In addition, we monitored the activity of the heterodimer using a CYP24A1 reporter gene assay, and found that treatment with 1,25D3 or 9-cis-RA alone robustly activated the heterodimer, 12-fold and 9-fold over the control, respectively (Supplementary Fig. 6 ). Moreover, there was an additive effect on CYP24A1 reporter gene activation in the presence of both compounds. These data are consistent with an earlier report that either ligand could activate the RXRα-VDR heterodimer and may function synergistically 41 . When combined, the data suggest that two ligands together may synergistically activate the heterodimer by facilitating a concerted interaction between both co-receptors and one molecule of SRC1.
To further this analysis, we mutated regions within the heterodimer showing protection from HDX upon interaction with SRC1 RID to evaluate their role in receptor activity. These specific regions contain residues implicated in the charge clamp formation necessary for coactivator binding. We therefore generated point mutations in VDR and determined their impact on receptor activity in the presence of 1,25D3, 9-cis-RA or both ligands. Mutation of either Lys246 or Glu420 resulted in a large decrease in the ability of 1,25D3 to activate the mutant receptor, whereas mutation of Lys240 had very little effect (Supplementary Fig. 7) . The Glu420 mutation also reduced the ability of 9-cis-RA to activate the reporter gene, whereas neither of the VDR lysine mutations had any impact on 9-cis-RA-dependent activation. Similarly, point mutations were generated in RXRα at Lys274, Lys284, Glu434 and Glu453 located within the putative RXRα charge clamp. Mutations at Lys274, Lys284 and Glu434 reduced the ability of 1,25D3 or 9-cis-RA to activate the heterodimer ( Supplementary  Fig. 8 ). Combined, these data suggest that the coactivator binding surface of each co-receptor is important for activating the heterodimer and further support the notion that the coactivator interacts simultaneously with both co-receptors.
Finally, because DNA binding destabilized H12 of VDR, and H3 and H10-H11 of RXRα, and because these regions are involved in SRC1 interaction, we used differential HDX was to investigate the impact of DNA binding on heterodimer-SRC1 interaction. Protection from HDX in H12 of VDR upon interaction with SRC1 was reduced in the presence of DNA (Supplementary Fig. 9a ). This finding is consistent with the fact that DNA binding destabilizes H12 of VDR. In contrast, we found that DNA binding enhanced SRC1 binding to RXRα (Supplementary Fig. 9b ). DNA binding thus alters the conformation of the nuclear receptor heterodimer, presumably altering SRC1 recruitment.
DISCUSSION
Previous structural studies have provided critical details concerning the mechanism of action of nuclear receptors; however, the field is still very limited in its ability to examine the structural characteristics of an intact full-length nuclear receptor. Using HDX, we were able to investigate the conformational dynamics of an intact RXRα-VDR heterodimer, revealing details of how a nuclear receptor functions beyond those that have been previously characterized. Our results indicate that there is extensive allosteric communication throughout the heterodimer, more extensive than previously suggested. For example, binding of either 1,25D3 or 9-cis-RA to the heterodimer leads to dynamic changes in the stability of the DBD of VDR. These results suggest that the ligand itself may alter the DNA-binding properties of this nuclear receptor heterodimer. Furthermore, it is reasonable to a r t i c l e s hypothesize that different classes of ligands may differentially alter the DBD and thus provide unique pharmacological profiles in terms of target gene activities. This hypothesis is particularly noteworthy given that we know how to design 'selective' nuclear receptor modulator ligands that show tissue and promoter gene selectivity. This allosteric communication is ligand dependent and bidirectional, as binding to DNA (VDRE DR3) results in considerable alterations in the conformation of the LBDs of both the RXRα and VDR components of the heterodimer. These conformational changes are quite relevant to the function of the nuclear receptor, because they occur primarily within regions of VDR and RXRα that are critical for interaction with coactivators. We found that DNA binding targeted unique components of the coactivator binding sites on VDR and RXRα. The effects on VDR primarily occurred in H12, whereas in RXRα, H3 and the loop between H10-H11 were altered. We show that these DNA-dependent alterations in the LBD have differential effects on the interaction of SRC1 with the heterodimer, suggesting that the DNA can directly modulate the coactivator binding activity of the nuclear receptor and its larger dimer complex.
Recently, it has been proposed that the DNA response element functions as a sequence-specific allosteric ligand that modulates the activity of the receptor 42 , suggesting that allosteric signals are relayed from the DBD to the LBD. Our results provide direct structural evidence for DNA-dependent allosteric communication between the DBD and LBD of an intact nuclear receptor, as well as between heterodimer partners. A recent study of the crystal structure of a full-length nuclear receptor complex on DNA provides some insight into the mechanism by which DBD-LBD communication occurs, demonstrating that the LBD of PPARγ and the DBD of RXRα make direct contact with one another and that these contacts are required for normal receptor function 7 .
We found that ligand binding appeared to correlate with increased deuterium incorporation in the DBD of VDR, indicating increased flexibility in the DBD. This long range ligand-induced flexibility in the DBD may engender the receptor for DNA binding. A previously proposed 'fly-casting' mechanism 43 in protein-DNA interactions suggests that a relatively unstructured protein molecule can have a greater capture radius for specific DNA recognition than the equivalent folded state with restricted conformational freedom 44 . In fact, however, crystallography suggests that nuclear receptor DBDs are highly structured, neither extended nor disordered, and the modest increased flexibility induced by ligand binding does not appear sufficient to reel in DNA. A more plausible explanation would be that the increased flexibility observed within the DBD upon ligand binding enables the DBD to rapidly explore vast nonspecific DNA sequences in search of a specific VDRE sequence, a model that has already been advanced 45 .
We also show that different classes of DNA response elements differentially affect the conformation of this heterodimer. The natural VDRE sequence derived from the CYP24A1 gene induced distinct conformational changes in the heterodimer relative to those derived from a consensus DR3 element of differing nucleotide composition. H12 dynamics were altered in VDR, but we detected no alterations in the coactivator binding regions of RXRα. This distinction could be expected to lead to large differences in coactivator binding kinetics when the heterodimer binds to different types of response elements. These data clearly indicate that the sequence of the DNA response element can indeed relay information to the LBD that alters its conformation. This is especially noteworthy because there is considerable evidence that a particular nuclear receptor can behave differently at distinct target genes, presumably in part because it binds to different classes of DNA response elements 42, 46, 47 . Our results suggest that DNA sequence-dependent alterations in LBD conformation can lead to significant changes in cofactor preference, which may be one mechanism by which this preferential binding can occur.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
